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AN UPDATED  ESTIMATE OF THE  WIND STRESS ON THE  WORLD  OCEAN 
S. H E L L E R M A N  

Geophysical  Fluid Dynamics Laboratory, ESSA, Washington, D.C. 

ABSTRACT 

Seasonal and  annual  mean  wind-stress  values  on the world  ocean  have  been  recomputed  from wind data compila- 
tions  that  have become available  since  Hidaka's 1958 computations.  The  newer  data  have  the  advantage of including 
wind-speed  frequency  distributions, and  are geographically  more  extensive.  The  annual  latitudinal  mean  zonal 
stresses of this  study  agree  rather well with  the stresses  deducible  from  Buch's  Northern  Hemisphere  momentum 
transports  for 1950. 

1. INTRODUCTION 
In  a pioneering work, Sverdrup [13] properly incorpo- 

rated  the wind stress on the ocean  surface  into  a  simple 
linear baroclinic model of the ocean  dynamics. The model 
applies mainly to  the  interior of ocean basins, away  from 
strong  boundary  currents where inertial  terms  cannot  be 
neglected. An application  to  the region of the  tropical 
eastern Pacific showed that  the vertically  integrated  mass 
transport from the  Sverdrup  theory agreed closely with 
the mass transport  computed from  oceanographic ob- 
servations.  Sverdrup's  theory  leads to  the simple  relation, 

where p is the y-derivative of the Coriolis parameter; rl. is 
the mass  transport  stream  function; x and y are  the 
coordinates  in  the  eastern  and  northern  directions re- 
spectively; rz and rY are  the x and y components of the 
wind stress on the  sea surface, respectively. 

From  this  important  result mass transport  for  the 
largest  part of the oceans  can be  approximated from a 
knowledge of the wind  stress alone. The  Sverdrup  theory 
has  since  been  extended  and  various  ocean  circulations 
approximated, e.g., see Munk [7]. Sensitivity of mass 
transport  to  the  form of the wind-stress field has more 
recently  been  demonstrated  by  Bryan [l] with  a  numerical 
model of a  barotropic ocean. He shows that  the  point of 
separation of the western boundary  current from the 
western boundary,  and  the  intensity  and  direction aft,er 
separation,  are  quite  sensitive  to  the  form of the  stress 
field imposed, especially when the  inertial effects are 
retained. 

As a direct  result of Sverdrup's 1947 paper,  there arose 
an urgent need  for  knowledge of wind-stress fields  on the 
oceans. To meet this need the Scripps  Institute of Ocean- 
ography  made  the first systematic  computations of wind 

stress over the  North Pacific [lo], followed by  computa- 
tions for the  North  Atlantic [ll]. Hidaka [5], using the 
procedure that  the  Scripps  Institute used for the  North 
Pacific, extended the  computations  to  the world ocean. 

Hidaka  computed  stresses  with  the  quadratic  resistance 
law, 

T= pCDu2. (2) 

where r is the  magnitude of the  stress; p is the air density 
close to  the  ocean; C, is the  drag coefficient and is taken 
to  be  a  function of mind speed  alone; II is the wind speed 
a t  anemometer level and T is in  the  direction of u. 

The basic wind data were taken from the US. Hydro- 
graphic Office Pilot  Chart wind roses. These data  do  not 
contain  wind-speed  frequency  distributions and it was 
therefore necessary to assume  such distributions  with  the 
aid of climatological informattion [IO]. The  drag coefficients 
used by  Hidaka  are given by, 

c ( ) - {  
0.0008, u<6.6 m.  sec." (3) 

- 0.0026, u>6.6 m.  sec." 

An alternate compilation of wind roses for the world 
ocean has become  available  with  the publication of the 
U.S. Navy  Hydrographic Office Marine Climatic Atlas of 
the Wrorld, volumes I-VI,  Tuovember  1955 through  Febru- 
ary 1963, and  the Oceanographic Atlas of the Polar Seas, 
Part I, Antarctic, 1957. Wind roses of these  atlases  do 
contain  speed  frequency  distributions,  and  stress  compu- 
tations  can  be  made explicitly from  the  data  by  means of 
equation (2). From  the  data of the polar atlases  the  stress 
field can  be significantly extended to higher latitudes. 

In  anticipation of the  treatment of the problem of the 
world ocean, and  with  the  availability of these  newer 
data  with  the  advantages described, a  recomputation 
of the  stress field  on the world ocean is in order. Seasonal 
and  annual  means  have been  computed.  Further  details 
of the procedure are given in a  later  section. 
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2. COMPARISONS  WITH  MEAN STRESSES DEDUCIBLE latitudinal belts. The dashed  curve gives the force on the 
FROM  INDEPENDENT STUDIES entire  belt, ocean and  land included, as derived  from 

The accuracy of the "observed" mean  frictional  stress 
fields remains  in  doubt because of the  inherent uncer- 
tainties in the  data  and  the use of the empirically  deter- 
mined  value of C,. It is possible however to compare the 
gross features of the stresses of this study with stresses 
arrived at  by entirely  independent  methods. One such 
method  makes use of the principle that  the annual di- 
vergence of zonal  momentum  integrated  through  the 
depth of the  atmosphere  above  latitude belts  should  be 
balanced,  to close approximation,  by  a  supply  or  drain 
of zonal  momentum to the atmosphere  through  the  atmos- 
phere-earth  interface.  Buch [2] computed  meridional 
transports of zonal momentum  for  the  Northern Hemi- 
sphere  for  the  year 1950, and Obasi [8] did the  same for 
the Southern  Hemisphere for the year 1958. The basic 
data coverage, consisting of wind soundings, is sparse 
in  either  case, but especially so for the  Southern Hemi- 
sphere. Stresses derived  from  Buch and Obasi momentum 
transports  are in the form of latitudinal means for complete 
latitudinal circles, i.e., for land  and ocean combined. 
Stresses  from the present study however are  computed 
for oceans only. 

In  figure 1 the solid line  represents the tangential force 
of the x-component of the mean  annual  stresses  computed 
in this  study on the ocean portion  only of lO"-wide 
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FIQURE 1,-The  tangential  force  in the z-direction  on  latitudinal 
belts loo wide as a  function of latitude, computed from  angular 
momentum data of Buch [2] for the year  1950,  and of  Obasi  [SI 
for the year 1963; and the tangential force  on the ocean  portion 
only of 10" belts using the long-term  surface  wind  means  com- 
puted in this study. 

Buch's data for the Northern  Hemisphere and Obasi's 
data for the Southern  Hemisphere. The fraction of each 
latitude  that is ocean is shown in the  upper  part of the 
figure. It should be not,ed that  the  ratio of the force on 
the entire  belt to the force on the ocean portion only is 
roughly the  same as the  ratio of the  area of the  entire 
belt to  the ocean area only. This suggests that  the mean 
zonal stresses  on land  do  not differ greatly  from  the mean 
zonal  stresses on the oceans in the Northern  Hemisphere. 

Agreement  with the forces deducible  from  Obasi 
transports  for  the  Southern Hemisphere is poor. The 
tangential  force on the 45'-55" belt  according to this 
study is 52.3X 10l8 dynes,  compared to 2O.8X10l6 dynes 
from Obasi's momentum  transports. The large difference 
in middle latitudes  cannot be attributed to the influence 
of land  drag since  there is very  little  land in this region. 
One should  keep  in  mind the paucity of upper wind data 
in the Obasi study for the  Southern Hemisphere and  that 
these data are for a single year, possibly an anomalous 
one. 

Figure 2 makes use of our assumption of nearly  equal 
stresses on land  and sea to compare  mean  zonal  stresses 
more  directly. The solid curve gives the mean  zonal  stress, 
by  latitude, from  this study.  The  dashed  curve gives the 
mean  zonal  stresses  derived  from  Buch's momentum  trans- 
ports  in  the  Northern  Hemisphere  and  from Obasi's mo- 
mentum  transports  in  the  Southern  Hemisphere.  The long 
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FIQTJRE 2.-The  annual latitudinal  mean  zonal  stress  in the z- 
direction as a  function of latitude, obtained from  surface  winds 
over the oceans  only for this study; from the divergence of  zonal 
momentum  in  latitudinal belts of Buch  [2] for the Northern 
Hemisphere  and of  Obasi  [SI  for the Southern  Hemisphere;  from 
the geostrophic  winds of the Northern  Hemisphere to latitude 
20" N., according to Kung. 
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dashed  curve  represents  unpublished  mean  zonal  stresses 
computed by  Kung  (personal communication)  for the 
Northern  Hemisphere  north of 20"N. Kung used the 
mean  geostrophic  winds of an 11-yr. period, estimated 
aerodynamic  roughness  parameters,  and  Lettau's [6] 
theoretical  wind  and  stress spirals. Thus, this figure ex- 
hibits  the  mean  zonal stresses computed  by  three  inde- 
pendent  methods using three different types of data.  The 
present  study uses climatological surface minds. From 
Buch  and Obasi we compute  the mean zonal stresses es- 
sentially  from  upper-air winds; and  Kung uses geostrophic 
winds. 

The  annual  and  latitudinal  mean of the x-component of 
the  stress for all  oceans  combined as a  function of latitude 
from  Priestley's [9] early computations  are  shown  as  curve 
P in figure 3. Priestley used a constant p and  a  constant 
CD in  equation (2), and reasoned that these simplifications 
resulted in  an  underestimate of the  temperate zone zonal 
stresses. He  then  determined  the  magnitude of this  under- 
estimation  from  the  consideration  that,, for the  year ns a 
whole, the net, torque  about  the  earth's axis resulting 
from  the x-component of the  surface winds  should  vanish. 
He found that  an overall 40 percent  increase of the zonal 
stress in the  temperate zones mas required to  effect a 
balance of torque.  This  increase applied uniformly 
throughout  the  temperate zones is shown as  curve  P'. 
The stresses of this  study  are shown as curve M. The 
imbalance of torque of the  stresses of this  study  can easily 
be  accounted for with  small changes in C,, well within  the 
range of quoted values. 

3. WORKING DETAILS 
The procedure  for  computing  stress  from  wind roses 

with  speea  frequency  information is given in  detail  by 
Hellerman [4]. S a c i e n t  information is given in  the 
Marine  Climatic Atlases to  make  a good estimate of the 
frequency of speeds through  Beaufort force 9, and  Beau- 
fort forces 10 and 11 are  estimated  from climatological 
values regardless of wind  direction, geographical location, 
or season. 

The  neutral  stability  drag coefficient as a  function of 
wind  speed CD(u) is still the  most  uncertain  element  in 
the  computations. It is unlikely that CD can be expressed 
accurately  as  a  function of wind  speed  alone  for  all  oceans 
and wind  conditions,  and it has been  suggested that  the 
wide scatter of quoted values is in  part  due to  minds of 
different  duration  and  fetch (e.g., see Stewart [12]). 
Present  practice  however, is to use CD(u) that one  hopes 
will be  a good statistical fit for all oceans and wind condi- 
tions.  Hidaka used the step-function,  equation (3). From 
later  observational work, many  other values of CD(u) have 
been  suggested  (Wilson [14]) and  there is little evidence to  
support  the  abrupt  change  in CD of equat,ion (3). For this 
reason me adopted  the CD curve of Deacon,  Sheppard,  and 
Webb [3], illustrated  by  the values given in  table 1, which 
differs from  equation (3) mainly  in  that it shows  a smooth 
transition from  low to high CD with increasing wind speed. 

272-121 0 - 67 - 3 

For lack of other  information, we assumed,  from a graphi- 
cal  extrapolation, that CD=2.43X for wind speeds of 
Beaufort force 7 or greater. 

Air density, p,' was approximated  from  mean  monthly 
surface  temperature  charts of the  hhrine  Climatic 
Atlases. A single fit of p as a function of latitude, e, for all 
seasons and oceans  is justified in view of the  larger 
probable  errors  from  other sources. The following regres- 
sion formulas  were used (e is in degrees) : 

I (.0022e+1.136)~10-3 e>2o 
p= 1.18x10-3 - 2 0 5 0 5 2 0  

(- .002se+1.124)~10-3 e<2o. 

Figure 4 shows the  data coverage and  data sources. 
Marine  Climatic  Atlas mind roses a t  310 locations \\-ere 
supplemented by 224 Pilot Chart wind roses in sparse 
data regions. The speed  frequency  distributions  from 
nearby  Marine  Climatic  Atlas wind roses were interpolated 
to  the  Pilot  Chart mind-rose locations and  corrected so 
that direction frequencies agreed  with  observed  values as 
given by  the  Pilot  Chart.  These  interpolated frequencies 
were then  adjusted, when necessary, so that  the  average 
wind  speed  from  each  direction of the  interpolated mind 
rose agreed with  the recorded Filot  Chart average  wind  speed. 

TABLE 1.-Drag  coeficient  as  a  function of wind  speed  assuming 
neutral  stability  conditions 

Beaufort force 
equation (3) 

I 
(~10-3) 

0. .................. 1 0.80 
1 ................... .80 
2. .  ................. .80 
3 ................... I .80 
4 ................... 2.60 
5. .................. 
6. .................. 
7 ................... 

(X 10-9 
0.85 
.a5 
.85 
.90 

2.00 
1.28 

2.43 
2.39 

72.5, \ 

Deeeon, 
CD of 

snd Webb (3) 
Sheppard 

-1 0 i 
STRESS (dynes . crn-2) 

FIGURE 3.-The annual  latitudinal  mean  zonal  stress  for a11 oceans 
combined, as  a  function of latitude.  P=results from Priestley's 
early  computations.  M=results  from  this  study. P' shows a 40 
percent  adjustment of P in  the  temperate zones  required to  
balance the  torque  about  the  earth's axis. 
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This adjustment , i s  necessady somewhat  arbitrary. The 
frequencies in all low-speed classes, i.e., less than  Beaufort 
force 6, are diminished or augmented,  and frequencies in 
high-speed classes augmented  or  diminished  respectively, 
by  an  amount  that would result  in  an  average wind  speed 
in  agreement  with the  Pilot  Chart  to  within one-half a 
Beaufort  interval.  Pilot  Chart wind roses with the addition 
of speed  frequency  information  are  thus  available to 
supplement the  Marine Climatic  Atlas data in regions of 
poor data coverage. 

The space  and  time scales represented by  the  data  vary 
considerably. Pilot  Chart wind roses are  representative 
of 5’-quadrilaterals ranging  from 110,000 m i 2  to 55,000 
mi.2 from  equator  to 60” k t . ,  i.e.,  varying as the cosine 
of the  latitude.  Marine  Climatic  Atlas  coastal  and island 
wind roses may effectively represent  “points”, while mid- 
ocean wind roses represent  areas of roughly 30,000 mi.’ 
Marine  Climatic  Atlas data represent  3-month  averages. 
The  Antarctic Atlas data  are for the  February,  May, 
August,  and T\i ovember  means, and  are  taken  in  this  study 
to represent  Southern  Hemisphere  summer,  fall,  winter, 
and spring  means  respectively. Pilot  Chart  data  are 
1-month  means,  except  for the  South  Atlantic  and  South 
Pacific  where  3-month  means mere used. I% o “smoot.hing” 
of the heterogeneous time scales mas attempted. However, 
the non-uniformity of space scales caused by  the con- 
vergence of meridians is easily corrected by 

- 
T * = % , ~  COS 8+(7e.X+5+%,X-5) (i-cos e ) / 2  (4) 

where the overbar  refers to a time  average, e is latitude 
and x is longitude in degrees, and 7 is an average of 7 
over an area  equivalent to a Ei”-quadrilateral a t  the 
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FIQURE 5.-The annual  latitudinal  mean zonal stress for a11 oceans 
combined:  this  study (solid  line), Hidaka  (broken  line). 

REFERENCES 

1.  K. Bryan, “A Numerical  Investigation of a Nonlinear  Model of a 
Wind-Driven  Ocean,” Journal of the Atmospheric  Sciences, 
v01. 20, NO. 6,  NOV. 1963, pp. 594-606. 

2. H. S. Buch, ”Hemispheric  Wind  Conditions  During  the Year 
1950,” Final  Report on Contract AF19(122)  153, Department 
of Meteorology, May 1954, 126  pp.,  90  plates. 

3. E. L. Deacon, P. A.  Shcppard,  and E. K. Webb,  “Wind Profiles 
Over the  Sea  and  the  Drag of thc  Sea,” Australian  Journal Of 

Physics, vol. 9, No. 4, Dee. 19.56, pp. 511-541. 
4. S. Hellerman,  “Computations of Wind  Stress  Fields Over the 

Atlantic  Ocean,” Monthly  Weather  Review, V O ~ .  93, NO. 4, 
equator. Apr. 1965, pp. 239-244. 

5. K. Hidalia,  [‘Computation of the  Wind  Stresses  Over thc 
Oceans,” Records of Oceanographic Works  in   Japan,  vol. 4, 
No. 2, Mar. 1958, pp. 77-123. 

6. H. H. Lettau,  “Theoretical  Wind  Spirals  in the  Boundary 

Figure 5 compares the  annual  latitudinal  means of the 
Layer of a Barotropic  Atmosphere,” Reitrbge zur Physik der 
Atmosphare, vol. 35,  No. 314, 1962, pp. 195-212. 

zonal stress for ail oceans combined,  computed  by Hidaka, 7. W. H.  Munk,  “On  the  Wind-Driven Ocean Circulation,” 
with  those of this  study.  The  taking of means obviously Journal of fifeteorology, vel. 7, No. 2, APT. 1950, PP. 79-93. 
wipes out  many of the difference.s. Tables 2-6 gi\Te the 8. G. 0. P. Obasi, “Poleward  Flux of Atmospheric  Angular 

;z and Y v  l-alues for the  seasonal  and annual  means of this Atmospheric Sciences, vel. 20, No, 6, 1963, pp. 515-528. 
Momentum  in  the  Southern  Hemisphere,” Journal of the 

StUdy in the Same format used by  Hidaka to  publish his 9. C. H. B. Priestley, “A survey of the  Stress  Between  the  Ocean 
values. The differences from  Hidaka’s  results  stem from and  Atmosphere,” Australian  Journal of Scientific  Research, 
the use of different data compilations, the use of different Series A ,  ~ 0 1 . 4 ,  No. 3, S e ~ t .  1951,  PP.  315-328. 
drag coefficients, the  computation of stress  esplicitly 10. Scripps  Institution of Oceanography.  “The  Field of Mean  Wind 

with  speed  frequency data  rather  than  by use, of assumed 
Stress Over the  North Pacific  Ocean,” Oceanographic  Report 

frequency  distributions of wind speeds, and the use in this 
No.  14  on Office of Naval  Research,  Contract No. N6Ori-111, 
Task  Order VI, Sept. 1948, 69  pp. 

study of equation (4). (See pp. 612-626 for  tables 2-6.) 11. Scripps  Institution of Oceanography, “The  Mean  Wind  Stress 
Over the  Atlantic Ocean,” Oceanographic  Report NO. 21, on 
Office of Naval  Research,  Contract No. N6Ori-111, Task 
Order VI, Apr. 1950. 

12. R. W. Stewart,  “The  Wave  Drag of Wind  Over Water,” 
Journal of Fluid  Mechanics, vol. 10, No. 2, Mar. 1961, pp. 

4. CONCLUSION 

ACKNOWLEDGMENTS 

The writer is grateful to Dr. K. Bryan for his advice  in  many 
phases of this work, t o  Miss M. B. Jackson,  who  did  much of the 
data processing and  the drawings, and  to Miss M. Saffell and Mr. 
C .  Bunce  for the typing. (Concluded on p .  6.26.) 

189-194, 



61 2 MONTHLY  WEATHER  REVIEW Vol. 95, No. 9 

nt R t  ...... 
mrr 

I ........ 

u y -9 mm (Cf *VI 90 +In 1 N 9.- 0t ON m VI1 
p1 .......................................... 

-4 -ll N 

.. 

.* 

.. 

.. 

.. 

.. 

.* 

.* 

.. 
0 .  

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 
*. 



TABLE 2.-Continued 



TABLE 2."Concluded 



!September 1 %7 S. Hellerman 61 5 

4 .......................... wn .. 9ffi Ne td NO, dO, d m  03 d m  w (Ff ........ 
Rr- f l  ON R t  Nu, 39 N9 40 Nd a.4 R.4 
I 1  I I I  I d d N  

.......................... r-o .... d m  a m  r-9 ON m a  m a  ROI of .. fo .... 
Rr- RN dN v19 -9 99 R m  Q I  0' 
I 1  1 1 1 1 I  d N  

dN 

5 ........................ fO NQ 9P- Inn am m o  R t  om 99 nu, dt 99 .......... 
- N  

RY) R t  IN IN Nd RN Ot df mR R R I  r- 
I l l 1  I I t  I d N  I 

I I  
d d  

9) FL ry ...................... Inn DnJ m e  Qd dt (Fm 99 nm .. dN r-N am td ft 9N rcrn .. 
R9 In dN 1 . 4  NI 9.4 W R  am f l  QN fd W R  OR v)d W 
1 1  I l l  I I  I I I I I dl dl Nl I I 

6 ((w ........................................ R 4  a9 Of d Q  t m  r(N ON .. 
u OIC) LnQ 0'3 O,d O d  QN 9d In 

d NI d 



Eh- os- h9- 
29- 99- €S- 

C9- OE- I€- 
IT- kiE- 82- 

92 9 C  
SE SS 
AS LS 
6 hS 

LT 
96 . . . . . . . . . 

RS.LZ1 

9L- 8h- 
2c- SE- 

CT s 
0 1  T- 

*I EE 
Z f  1c  
h 9  L9 
ES CS 
28 L8 

19 69 
T6 S6 

o z  e1  

2 bt 
:e- Y . . . . . . . . 
$ * L C 1  

. . 

. . . 
ET W T  
8s €E . 
TZ- 2 
€02 9T2 
OE- 22- 
ZET WhT 

22 22 
Oh LL . . 

. 
. 
. . 

hP 
St) . . 

OT- h 
Zh E9 

21- ' E- 

62: ::: 
06- €6- 
hL- €9- 

91- 
881 

Oh- 
CLT 

29- 
9hT 

99- 
LET 

. . . . 

. . . . . . . . . . . . . 
. . . 

. . . 
. 

S'ZET 



LI TABLEI 3.-Concluded 
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